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Preface

One of the major long-term research goals of the the section “Introduction,” will not be repeated
Armed Forces Radiobiology Research Institute here.
(AFRRI) has been the study and development of
agents, either singly or in combination, that would Briefly, the authors used a nontoxic thiol compound
protect personnel exposed to either photon or neu-to block the biochemical receptors in cells of the
tron radiation, or both. There are several scenarios,target tissues for the side effects while not simulta-
besides the obvious one of a nuclear weapon(s)neously lowering the DRF. They also tested a new
detonation, where military personnel could be sub- compound that they synthesized for efficacy and
jected to a single or mixed radiation field; they in- toxicity protection. These combinations were
clude cleanup operations after a reactor accident,tested against both neutron and photon irradiation
such as that at Chernobyl, or a weapons accident orusing a mouse model. The authors recommended
incident. that these successful preparations be used in a large
animal (canine) model, and, if successful, be fol-
Criteria for a preventive regimen should include (1) lowed by human toxicity studies. Realizing that the
significant dose modification factor (dose reduc- parenteral routes of administration used in their
tion factor, or DRF); (2) minimal if any side effects study are unsuitable for a field situation, they also
and no long-term toxicity; (3) oral administration, outlined steps for development of oral regimens.
preferably no more than once daily; and (4) mini-
mal reduction in effectiveness when administered While this document does not reflect the opinion of
soon after exposure rather than prior to exposure. AFRRI or the Department of Defense regarding the
suitability of the described regimens in an opera-
Some of the most effective agents to date have beernional situation, it does present a thought-provoking
aminothiols and their derivatives. Unfortunately, step toward the development of an effective yet
most of these agents have side effects such as naunontoxic means of radiation protection and may
sea, vomiting, hypotension, weakness, and fatigu- stimulate further research along these or perhaps
ability that, while not precluding their use in slightly different lines.
clinical radiation therapy, have rendered them un-
suitable for a military operations scenario. Re- Grateful acknowledgment is given to the following
searchers at AFRRI (Weiss et al. 1993; Landauer etscientists at AFRRI whose advice and constructive
al. 1993) demonstrated that administration of caf- criticism were of immense value in the editing of
feine mitigated the neurotoxicity caused by admini- this manuscript: Drs. E. John Ainsworth, Ramesh
stration of WR-3689 and WR-2721, though other Bhatt, K. Sree Kumar, and Terry Pellmar and Mr.
authors have found that caffeine in higher doses ag-Henry Gerstenberg. Any errors in editing, however,
gravated these symptoms. Clearly, the need for ara-are entirely my responsibility.
dioprotector that is both effective and safe still
exists.

Dr. Joseph F. Weiss visited, on behalf of AFRRI,

the authors of the present report in their laboratory

at Gatchina, Russia. He was impressed by the work

they were doing in this field, and how it supple- Glen |. Reeves, M.D.

mented AFRRI’'s research along different lines to- NIS Initiatives Coordinator

ward this same goal. Their approach, spelled out in Armed Forces Radiobiology Research Institute
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Abstract

Experiments in mice showed that intraperitoneal
(i.p.) injection of unithiol (sodium salt of 2,3-
dimercapto-l-propanesulfonic acid) diminished
toxicity of several aminothiol radioprotectors, in-
creasing the LR of cystamine by 40% and amino-
ethanisothiuronium bromide hydrobromide (AET)
by 64%. The optimum ratio for the doses is 0.5 molar
equivalent of unithiol per radioprotective thiol. A
new radioprotector (mixed disulfide of cysteamine
and unithio—MDCU) has a weak toxicity: the Lp

is 750 mg/kg i.p. The use of unithiol makes it possible
to increase the dose of the Siddioprotectors,

enhancing the dose reductitactor (DRF) of cys-
tamine and AET by 30% for x-ray irradiation. A
somewhat lesser effect is observed with fission neu-
tron irradiation. The DRF of MDCU is equal to 1.6
for x-ray irradiation and is 1.1 for neutron irradia-
tion. The mechanism of antitoxic action of unithiol
could not be detected in Chinese hamster fibroblasts.
It may be caused by the competition of unithiol and
the SH-radioprotectors for certain, as yet undeter-
mined, biochemical structures in brain neurons. Itis
also possible that unithiol may decrease penetration
of SH-radioprotectors into the brain.






Introduction

Extensive studies of chemical protection against cramps, shortened their latent period, and increased
ionizing radiation hazard have led to the develop- the lethal effect of cystamine and cystaphos in
ment of efficient radioprotectors that significantly mice.
diminish radiation injury in living organisms. The
most effective radioprotectors developed so far are However, the toxicity of aminothiol radioprotec-
aminothiols and their derivatives: cysteamine, tors may be reduced not only by neurotropic prepa-
cystamine, AET (aminoethanisothiuronium bro- rations. The toxicity of cystamine is reduced by a
mide hydrobromide), WR-638 (cystaphos), and concurrent administration of ACTH, cortisone, or
WR-2721 (gammaphos). Some of these com- hydrocortisone (Stern et al. 1965; Strelnikov et al.
pounds have been successfully used to preventl969). Recently, various metals (zinc, copper) and
complications of radiation therapy in patients with selenium were found to reduce the toxicity of WR-
cancer and are considered as a protection againstra2721; the effect depended on the interval between
diation hazard in space flights and in accidental ra- administration of the metals and the radioprotectors
diation exposure scenarios as well as in clinical use (Weiss et al. 1987, 1990). It is important that these
(Bacq 1964; Mozzhukhin and Rachinskii 1979; metals and selenium increase the radioprotective
Monig 1990; Thompson 1964). Unfortunately, all efficacy of cysteamine, AET, and WR-2721
of the aminothiols have toxic side effects that limit (Brown et al. 1988; Floersheim and Floersheim
their use in medical practice. Thus, scientists have 1968; Weiss et al. 1987, 1990).
long searched for ways to decrease their toxicity.

One effective way of reducing the toxicity of ami-
Judging by their side effects (nausea, vomiting, as- nothiol radioprotectors could be to use them in
thenia, loss of working capacity), the toxic effects combination. Many authors have found that such
of these radioprotectors are primarily on the central combinations as WR-2721 and cystaphos, AET and
nervous system (CNS). Therefore, various drugs 2-mercaptopropionylglycine, mercaptoethylgua-
and anticonvulsive substances have been tried tonidine and cysteamine, cystamine and AET, and
mitigate the toxic effects. For example, pentobarbi- cystamine and cystaphos reduce the toxicity and
tal narcosis reduced hypersalivation, vomiting, and some side effects caused by these preparations
cramps caused by intravenous administration of when applied separately (Zherebchenko etal. 1974;
cystamine to dogs (Mundy and Heffer 1960). Lumi- Maisin and Mattelin 1967; Vladimirov et al. 1989).
nal (25 mg/kg), medinal (50-100 mg/kg), and lib- However, it is not advisable to combine prepara-
rium (30 mg/kg) reduced the death rate from 80%to tions, each of which is toxic. The question is
20-30% in mice that were administered 300 mg/kg whether similar, if not better, radioprotective ef-
of cystamine (Strelnikov et al. 1969). The anticon- fects can be reached using a nontoxic thiol.
vulsive preparation benzonal (50 mg/kg) increased
the LDsq 0f cystamine by 12% (Zherebchenko etal. The protective properties of the thiol radioprotec-
1974). In their experiments, Weiss and coauthors tors are associated with their effect on the stem cells
(Landauer et al. 1993; Weiss et al. 1993) showed of the hematopoietic system and cells of the intesti-
that caffeine (40 mg/kg) mitigated the behavioral nal epithelium. Their toxicity appears to be due to
deficits caused by administration of WR-3689 and their effect on cells in another crucial system of the
WR-2721. Conversely, Strelnikov and associates body, the CNS, and is a result of their interaction
(1969) found that caffeine (however in a higher with some biochemical structures in the brain cells.
dose: 50 mg/kg) as well as other CNS stimulators The functions of these cells may be disturbed by
(phenamine, corasole, strychnine) intensified such interaction.
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A nonradioprotective and nontoxic thiol with a (Mashkovskii 1967). It was tested as a radioprotec-
structure similar to the aminothiol protectors may tor but did not show appreciable radioprotective
be capable of blocking the biochemical structuresin action.
the nerve cells. This might hinder access to them by
the SH-radioprotectors and thus reduce damage toTo determine the potential antitoxic action of
the neurons’ functions, thereby reducing the toxic unithiol, we studied its effect on the toxicity of cys-
action of the radioprotectors. If this should prove tamine and AET in mice. We also studied the toxic-
true, the toxicity of aminothiol radioprotectors ity of a mixed disulfide of cysteamine and unithiol
could not only be diminished using such nontoxic (MDCU), which we synthesized. We further exam-
thiols, but the dose tolerance could be increased,ined the possibility of increasing the protective effi-
thus increasing the efficacy of the chemical protec- cacy of the aminothiol radioprotectors by
tion against radiation hazard. combining them with unithiol and testing the com-
binations on mice exposed to irradiation from x rays
One of the most promising candidates for this role and also from fission neutrons.
is unithiol, a sodium salt of 2,3-dimercapto-1-
propanesulfonic acid. It contains two SH-groups, The authors greatly appreciate the contributions of
CH,(SH)CH(SH)CHSO;Na. Itis a nontoxic phar-  Drs. E.V. Kropachev, N.G. Nikanorova, L.l. Kot-
maceutical preparation that was used in medical lovanova, |.K. Koroleva, and G.T. Bojko in various
practice in the former USSR as an antidote against phases of this work. The authors are grateful to Drs.
Lewisite and other arsenic compounds as well as for E.J. Ainsworth, G.I. Reeves, and J.F. Weiss for
cases of poisoning by ions of some heavy metals fruitful discussions and support of this work.



Materials and Methods

Radioprotectors glass and then lyophilized; 2.4 g of a powdered
compound were obtained.
In conformity with the contract, two new radiopro-

tective combinations were prepared and MDCU HPLC analysis showed the presence of a single
was synthesized. peak. Analysis for Cions showed that the product

obtained by lyophilization represents a mixture of
Cystamine plus unithiol.Preparations of cysta- the monohydrochloride and dihydrochloride forms.
mine dihydrochloride and unithiol were purchased Aqueous solutions of this preparation were shown
from commercial suppliers and used without fur- to be acidic and therefore have to be neutralized
ther purification. The purity of unithiol was notless prior to their administration to animals. Thus, it is
than 98% as shown by SH-group spectrophotomet- advisable to transform this compound to the mono-
ric analysis with Ellman reagent. The purity of cys- hydrochloride. For this purpose, dry resin Amber-

tamine detected by SH-group spectrophotometry lite CG-400, 200-400 mesh in Oférm was added

after disulfide bond reduction by NaBMas 96 +
3%.

AET plus unithiol. AET was prepared according to
a published procedure (Doherty et al. 1957). The
purity of AET detected by SH-group spectropho-
tometry following the transguanidination reaction
was 96 + 3%.

MDCU. MDCU was synthesized by the reaction of
cystamine dioxide with unithiol. This synthesis of
CH,(SSCHCH,NH,)CH(SSCHCH,NH,)CH,SG;
Na- HCI-4H,0 is described below.

A solution of unithiol (1.75 g, 7.66 mmole) in 2.5
ml of 1. mM HCI was added dropwise to a suspen-
sion of cystamine dioxide (4 g, 15.5 mmole) in 3 ml
of 1 mM HCI. A solution of 2.5 ml 64 M HCl was

added to the obtained solution, and the total volume

of the reaction mixture was subjected to column
chromatography using &2 2 cmcolumn packed
with cationite Amberlite CG-120, 100-200 mesh,
in H" form, balanced $a 1 M HCl solution. The
column was washedyba 1 M HCI solution to re-
move the hypotaurine, theyl 2 M HClsolution at

a flow rate equal to 1.3 ml/minute.

Fractions containing the mixed disulfide were com-

to 2.2 g of the compound in 20 ml of water, resulting
in a final pH of 6.2. The obtained solution was fil-
tered from the resin, the resin was washed by 10 ml
of water, and the united filtrate was evaporated to 5
ml viarotary evaporator, then lyophilized; 1.8 gofa
powdered compound were obtained. HPLC analy-
sis showed the presence of a single peak.

Disulfide groups in the compound were analyzed
by SH-group spectrophotometry after reduction of
the disulfide bond by NaBkl as described in Ha-
beeb (1973). Analysis showed 102 *+ 3% content of
-S-S-group against the calculated value for the
MDCU molecule.

Calculated values for the elemental analysis of
C7H8N20385 ° HCI ° 4 Hzo (MW 447) were:

C H S Cl.
18.81%  6.09%  35.85%  7.93%
We found: 18.71% 6.15%  35.50% /-90%

The aqueous solution of the MDCU monohydro-
chloride was found to be near neutral; pH for the
0.01 M solution was 6.8.

bined and concentrated via rotary evaporation to a The absorption spectrum of the aqueous solution of
volume of 5 ml. The obtained viscous yellowish so- the mixed disulfide has a maximum absorption of
lution with 2 ml water was transferred to a small 245 nm, characteristic of any organic disulfide. The
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calculated MDCU extinction coefficient was 850 Rat hippocampal neuronsHippocampal slices
I/mole cm—two times higher than that of a com- were prepared by the standard method (Teyler
pound with one disulfide bond (E = 300—400 I/mole 1980). Two slices from each of 10 rats were used.
cm). These data show that a molecule of MDCU Cystamine was studied in 10 slices, unithiol in the
contains two disulfide groups. other 10. Cystamine was not rinsed off the slices.
The methods used in our experiments are described
The doses of the radioprotectors were calculated elsewhere (Peimer et al. 1986). Recording of the
from their salts. Toxicity was evaluated by thedsD  population spike was conducted from the layer of
value, and their protective effect was derived from pyramidal cells of the CA 1-2 sector—using the
the percentage of the animals that survived 30 dayssectors of the hippocampal formation described by
after irradiation. Lorente de No (1934)—by the usual method, using
metallic or glass microelectrodes with resistance
2-5 milliohm. For stimulation of the Schaffer’s col-
Subjects laterals, we used bipolar platinum electrodes with
total diameterupto 100 pin aglass or lac insulation.
The studies were carried out in mice, isolated cul- The electric pulse duration was 100 p seconds, with
tured fibroblasts (V79 cells) of Chinese hamsters, amplitude up to 10V. The results were analyzed by
and neurons in slices of rat hippocampi. computer.

Mice. Male (CBAC57BLF1) F1 mice age 2.5-3
months and weighing 18—-22 g were used. The pro- Irradiation
tectors were administered prior to irradiation:
intraperitoneally, 15 minutes before irradiation, or X rays. Irradiation conditions were as follows:
orally by buffered feeding needles, 40 minutes be- RUM-17 x-ray machine, 220 kV, 15 mA, filtration
fore. Mice were housed in cages holding five each. 0.5 mm Cu + 1.0 mm Al. The dose rate was 1.8
They were carefully observed for signs of fighting. Gy/minute. A VA-J-18 dosimeter was used. During
Bedding was wood chips. lllumination was consis- X irradiation the mice were placed in separate cells
tent with the season. The standard laboratory chowof Plexiglas cages. Ten mice were irradiated simul-
mixture used in the former USSR was used; compo- taneously.
nents included oats, sunflower seeds, white bread,
milk, carrots, green grass, meadow haw, fish oil, Fission neutrons.Irradiation by fission neutrons
fish flower, yeast, and salt. was carried out in a vertical biochannel of the Pe-
tersburg Nuclear Physics Institute WWR-M reactor
For the toxicity studies, six mice were used for each (Sverdlov 1974). The neutron mean energy was
dose level, and each determination was repeated six0.85 MeV; the contribution of gamma quanta to the
times. Results were combined and the mean arith-total dose was 25%, dose rate was 14 cGy/min, and
metic value and its error calculated. For the irradi- irradiation was circular. Dosimetry was carried out
ated groups, 20 animals were used in each group,using tissue equivalent graphite and polyethylene
and irradiation was repeated three times. ionization chambers filled with ethylene and €O
A threshold detector was used to determine the en-
Chinese hamster cellsTo study the influence of  ergy spectrum. During neutron irradiation the mice
cysteamine, unithiol, and their combination, we were placed in duralumin (alloy) cages in separate
used an asynchronous culture of Chinese hamstercells. There were 10 mice per cage, and 5 cages in
V79 cells in the exponential phase of growth. Cys- the irradiation chamber. A rotary platform was used
teamine and unithiol were dissolved in the culture to give uniform exposure. The temperature inside
medium, and the cells were incubated for 20 min- the chamber was 20 °C; ambient air was provided
utes at room temperature. Then the cells were through a ventilation system. Dose exposure levels
washed, and a fresh medium was added. The settledvere determined for each cage. After exposure, the
cellswere incubated for 6—7 days thereafter, and themice were returned to the same conditions and
number of colonies was counted. Survival was de- cages as before irradiation.
termined relative to untreated celBifferent con-
centrations of cysteamine and unithiol were used.



Results

Effect of Unithiol on Toxicity of Table 1. Toxicity of radioprotectors and its change

Radioprotectors under the influence of unithiol (intraperitoneal
administration)

The influence of unithiol on the toxicity of cysta-

mine and AET was investigated, and the toxicity of Dose of LDso, ~ Change
MDCU, in which the radioprotector is chemically ~Protector unithiol mg/kg (%)
bo_unq to unithio_l, was det_ermined. The amount of cystamine _ 392

unithiol in combination with cystamine and AET 0.5 equivalent 550 40*
was estimated from the thiol equivalents of these 0.75 equivalent 533 36*

compounds. Molar thiol equivalents of cysteamine

and AET are equal to their molecular weights AET - 322 -
[ they contain one free or potential SH-grou 03 equivalent >

since y - P o group, 0.75 equivalent 496 38*

whereas those of cystamine and unithiol are equal

to half of their molecular weights since they contain Mbcu 750

two free or potential SH-groups. Thus, every dose
of an aminothiol protector has a corresponding dose
of unithiol. For example, using 0.5 molar equiva-
lent of unithiol, 300 mg of AET requires 61 mg of then all the mice were able to survive a universally
unithiol, while for 400 mg, 82 mg of unithiol would  lethal dose of protector; even a 1600 mg/kg ¢bdp

be used, and so on. dose was no longer lethal.

*p < 0.05

As shown in table 1, the toxicity (L[) of the radio- Toxicity of the orally administered AET was mark-
protectors in our experiments was closely related to edly unaffected by unithiol, regardless of the
that described by others (Mozzhukhin and Rachin- method of administration. The reason for this
skii 1979; Thompson 1964). At the same time, tox-
icity was sharply decreased by simultaneous i.p.
administration of an 0.5 equivalent dose of unithiol.
The LD, of cystamine rose by 40% and that of AET
by 64%. This effect of unithiol far exceeded the an-

Table 2. Toxicity of radioprotectors and its change
under the influence of unithiol (oral administration)

titoxic action of other agents (thiol and nonthiol)  p.oiector Eﬁfﬁ(ﬁf r';]gflfé Cr(‘(;)r)‘ge
tested by other authors (Zherebchenko et al. 1974; :

Jacobus 1959; Kalistratov et al. 1972; Pugacheva et Cystamine - 1392

al. 1972; Suvorov and Shashkov 1975; Takagy etal. 8:2 ggﬂ:zg:gm iggg <A(|)|'?n€cNéS')
1971). @i.p.) survived*
A decrease in toxicity was not observed by simulta- AET - 1300

neous oral administration of unithiol and either cys- 0.5 equivalent 1350 4(N.S.)
tamine or AET (table 2). Perhaps this is related to 0.5 equivalent 1450 11(N.S.)
the way in which unithiol is absorbed from the (-p)

stomach. When unithiol is used as adrug, itis given ppcu 1900 All mice
as pellets instead of a solution (Mashkovskii 1967). survived*

However, _When Pra_| admm'_St_rat'or_‘ of CyStam'ne *This doseis normally 100% lethal, so furtherincreasing the
was combined with i.p. administration of unithiol,  dose was of no practical importance.
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remains a mystery. However, it should be re- Effect of Unithiol on the Effectiveness of
membered that the radioprotective effect of orally Chemical Protection in Mice Against X  Rays
administered AET is highly conjectural. It has been
observed by only a few researchers and as a rule,Since combining unithiol with aminothiol radio-
quite some time (a few hours) after administration. protectors reduced their toxicity, it may be possible
The weak efficacy of oral administration of AET to increase the radioprotective effect by increasing
and i.p. injection of unithiol may be explained by the dose. Itis known that the protective effect of the
the different rates of absorption and a discrepancy thiol radioprotectors depends on the dose; increas-
between the times of resorptive action of the two ing the dose increases the protection (Mozzhukhin
preparations. and Rachinskii 1979; Thompson 1964). In earlier
studies, unithiol showed no radioprotective effect.
As a whole, our experiments showed a high anti- It is nontoxic at 168 mg/1000 g, or 1.5 equivalent.
toxic effectiveness of unithiol with thiol protectors Its effect appears to be solely in decreasing the tox-
and demonstrated the most effective relationshipsicity of aminothiol radioprotectors.
between doses of radioprotective compounds and
unithiol. As judged from our data, the best radio- Efficacy of intraperitoneal administration of
protective combination uses approximately 0.5 mo- protectors.Table 3 shows that the radioprotective
lar equivalent of unithiol. Higher proportions (0.75 effect of cystamine and AET given in their usual
equivalent and more) were less effective, perhapsdoses (150 mg/kg) and administeredi.p. was clearly
because of the additional toxic influence of unithiol exhibited in our experiments. In both magnitude of
itself when administered in such large amounts. effect and dependence on dose, our data agree with

Table 3.Survival percentag@V + SD) of x-irradiated mice protected by cystamine, AET, their combination
with unithiol, and MDCU (intraperitoneal administration)

Irradiation dose, Gy

Experimental conditions 6 7 8 9 10 11 12
Control (irradiation

without protectors) 100 55+ 3 25+ 4 0 0 0 0
Irradiation + cystamine

(150 mg/kg) 100 95+5 84+3 85+2 63+3 10+3 4
Protection efficacy* 0 4b 59" 85" 63" 10" 4

Irradiation + cystamine
(300 mg/kg) + unithiol

(152 mg/kg) 100 100 100 100 88+5 65+5 55+5
Protection efficacy* 0 45t 75! 100" 88’ 65" 55"
Irradiation + AET

(150 mg/kg) 100 95+ 4 706 66 +5 40 £7 204 10+6
Protection efficacy* 0 ab 45" 66" 40" 20" 10"

Irradiation + AET
(300 mg/kg) + unithiol

(64 mg/kg) 100 95+5 100 100 95+ 5 85+5 55+7
Protection efficacy* 0 4b 75" 100" 95 85" 55"
Irradiation + MDCU

(350 mg/kg) 95+5 945 85+5 80+3 60 +4 40 +3 10+4
Protection efficacy* 5 39 60" 80" 60" 40" 10

*Difference between survival of irradiated animals unprotected and protected by radioprotectors
Difference significant at the p < 0.05 level



Table 4.LDsg30(cGy, midline dose) of x-irradiated
mice and DRF of radioprotectors (intraperitoneal
administration)

Experimental conditions LDso/30 DRF
Control (irradiation

without protectors) 710 -
Irradiation + cystamine

(150 mg/kg) 1025 14
Irradiation + cystamine

(300 mg/kg) + unithiol

(152 mg/kg) 1268 1.8
Irradiation + AET

(150 mg/kg) 937 1.3
Irradiation + AET

(300 mg/kg) + unithiol

(64 mg/kg) 1192 1.7
Irradiation + MDCU

(350 mg/kg) 1122 1.6

numerous published data (Bacq 1964; Mozzhukhin
and Rachinskii 1979; Thompson 1964).

Because the addition of unithiol reduced the toxic-
ity of the radioprotector, doses twice as high as

Results

The differences in protective action between pro-
tectors alone and their combinations with unithiol
are best shown at the higher radiation doses. At 11
and 12 Gy, the protective effect of cystamine and
AET givenintheir usual dosesis very small (10 and
4.5%, respectively, for cystamine and 20 and 10%
for AET), whereas for the combination, where dou-
ble doses of the protectors were used, cystamine in-
creased survival by 65 and 55%, respectively, and
AET by 85 and 55%. MDCU (350 mg/kg) was also
more effective than cystamine or AET at 150 mg/
kg; survivalwas 60 and 40% higher with irradiation
doses of 10 and 11 Gy, and 10% higher at 12 Gy.

The differences are particularly striking when the ra-
dioprotective effect is expressed as the dose reduc-
tion factor (DRF). As shown in table 4, doubling the
dose raises the DRF of cystamine from 1.4 to 1.8 and
of AET from 1.3 to 1.7, that is, the DRF of both pro-
tectors is increased by 30%. The DRF of MDCU is
high, too, reaching 1.6. The pronounced protective ac-
tion of these combinations and MDCU on radiation-
induced, acute intestinal distress must be emphasized,
as the problem is very real and difficult to solve.

Efficacy of oral administration of protectors
Analogous results were obtained in the experiments

usual were tried. This considerably enhanced the with oral administration of the protectors to mice

radioprotective effect at every radiation dose given.

(table 5).

Table 5. Survival percentageM £ SD) of x-irradiated mice using cystamine, AET, their combination with

unithiol, and MDCU (oral administration)

Irradiation dose, Gy

Experimental conditions 8 9 10 11 DRF
Control (irradiation without protectors) 0 0 0 0
Irradiation + cystamine (300 mg/kg) 50+4 20+4 0 0 0
Protection efficacy* 50 20 0 0 11
Irradiation + cystamine (1300 mg/kg) 100 52+3 31+ 4 10+5

+ unithiol (152 mg/kg)
Protection efficacy* 100 52 31 10 1.3
Irradiation + AET (300 mg/kg) 802 40+ 3 20+ 3 30+4
Protection efficacy* 80 40 20 30 1.2
Irradiation + AET (800 mg/kg) 90+2 50+3 30+2 0

+ unithiol (81 mg/kg)
Protection efficacy* 90" 50" 30 0 1.2
Irradiation + MDCU (1600 mg/kg) 45+5 50+2 0 0
Protection efficacy* 15" 50 0 0 1.2

*Difference between survival of irradiated animals unprotected and protected by radioprotectors. All nonzero values are significant at

the p < 0.05 level.

Differences between protective effects at 8 and 9 Gy are not significant.
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Cystamine alone (300 mg/kg) protects from death enhanced by taking advantage of the antitoxic ac-
only 50% of mice subjected to 8 Gy of x irradiation, tion of unithiol to increase the dose of the thiol pro-
whereas the combination with a fourfold (1300 tectors. This possibility is particularly important in
mg/kg) amount of cystamine permitted 100% sur- situations with high radiation levels where protec-
vival. At 9 Gy, cystamine given in the usual oral tors in their usual doses are ineffective.
dose (300 mg/kg) enhanced survival by 20%, but a
fourfold dose raised it to 52%. Cystamine at this
higher dose affords protection to 31% of mice even Protection Against Neutron Irradiation
at10 Gy. Toalesser degree, unithiol exerts some ef-
fect on the protection afforded by AET. The chemical protection of an organism against
neutron exposure is especially difficult in view
MDCU has a protective effect with oral administra- of the high damage potential of these particles
tion as well as i.p., whereas cysteamine itself is (Sigdestadtetal. 1976; Sverdlov etal. 1969; Sverd-
known to be ineffective when given thisway. As for lov 1974). The opportunity to enhance such protec-
cystamine, adding unithiol makes it possible to in- tion in some way or other is all-important. Thus, a
crease the dose of cystamine sufficiently to enhancemajor objective of our study was to evaluate antira-
chemical protection with oral administration. How- diation activity of a combination of the thiol radio-
ever, unithiol alone appeared to be ineffective in our protectors with unithiol in animals subjected to
previous experiments when given orally and must neutron irradiation. This is especially important be-
be administered intraperitoneally when oral doses cause chemical protection against neutrons, as a
of cystamine or AET are used. Perhaps this is be-rule, requires high doses of SH-radioprotectors
cause the free SH-groups of unithiol decrease the(Sverdlov 1974).
absorption of the radioprotector from the stomach.
The effect of the radioprotectors under study and
Looking at this part of the study as a whole, it can their combinations with unithiol in mice irradiated
be said with confidence that chemical protection by fission neutrons is shown in table 6. Cystamine
against ionizing radiation can be substantially and AET given in their usual doses increased the

Table 6. Survival percentageM + SD) of fission-neutron irradiated mice using radioprotectors alone and
combined with unithiol

Total irradiation dose, cGy

Experimental conditions 200 250 300 350 400

Control (irradiation
without protectors) 94 +3 87+2 31+2 0 0

Irradiation + cystamine
(150 mg/kg) 100 87+2 60 + 2* 0 0

Irradiation + cystamine
(300 mg/kg)+ unithiol
(152 mg/kg) 100 94 + 2% 71+ 2% 31 +2* 0

Irradiation + AET
(150 mg/kg) 100 100* 75 + 2* 27 £ 3* 12 + 2*

Irradiation + AET
(300 mg/kg) + unithiol
(64 mglkg) 100 100* 87 + 2% 74 + 3% 19 + 3*

Irradiation + MDCU
(350 mg/kg) 100 100* 60 + 4* 21+2 0

*Difference from control significant at p < 0.05
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Results

survival rate from a lethal dose of 300 cGy of Table 7. LDsq30(cGy, midline dose) for mice irra-
gamma-neutron radiation(225 cGy from neu-  diated by neutrons and gamma rays (approximately
trons)—cystamine bybout 30% and AET by  75% of dose due to neutrons) and DRF for radiopro-
40%, which corresponds to our previous data tectors and their combinations with unithiol
(Sverdlov et al. 1969; Sverdlov 1974). The radio-
protective effect of cystamine disappeared and that Experimental conditions LEd/30 DRF*
of AET was decreased to 30% as the radiation dose —
was increased to 350 cGy (260 cGy of neutrons). Control (irradiation without
On further increasing the gamma-neutron dose to P"Oectors)

400 cGy, the effect of AET was decreased to 12%. |rradiation + cystamine
The addition of unithiol to cystamine and AET, (150 mg/kg) 312 1.1
which makes it possible to increase the radioprotec-
tor dose, measurably increased the efficacy of

275 -

Irradiation + cystamine
(300 mg/kg) + unithiol

chemical protection: the combination of unithiol (152 mg/kg) 330 12
with cystamine defended mice not only at 300 cGy o
but at 350 cGy as well, when cystamine by itself is Irradiation + AET (150 mg/kg) 325 12
ineffective. Irradiation + AET (300 mg/kg)

+ unithiol (64 mg/kg) 375 1.4

The combination of AET with unithiol was even o

more effective. It protected 75% of irradiated mice !Irradiation + MDCU (350 mg/kg) 312 11
at 350 cGy in contrast to 27% for AET alone, and «pjfferences significant from control at p < 0.05

even at the supralethal dose of 400 cGy, it enabled

survival of nearly 20% of animals.

The combination of an enhanced dose of AET with
The role of unithiol is clearly demonstrated by com- unithiol in our experiments provided protection
paring the DRF of the protectors taken in their usual against neutron radiation with a DRF of 1.4, that is,
doses and in the enhanced doses made possible bthe same as AET or cystamine in their usual dose
the use of unithiol (table 7). The DRFs of the against much less damaging low LET radiation.
combinations were higher than the DRFs of the Thus, this combination increases the efficacy of
radioprotectors alone, taken in their usual dose. Thechemical protection not only against x and gamma
combination of cystamine with unithiol increased rays, butalso againstfission neutrons. Animalsirra-
the DRF by nearly 10%, and the combination of diated by neutrons withstand the combination and
AET with unithiol raised it by 20%. MDCU as well as x-irradiated animals.

These protectors and their combinations witlithiol

are less effective for neutron irradiation than radia- Mechanism of Action of Unithiol

tion with low linear-energy transfer (LET). This as-

pect of chemical protection against the hazards of Our next step was to try to determine the mecha-
neutron radiation is well known (Bacq 1964; Mozz- nism by which unithiol diminishes the toxic action
hukhin and Rachinskii 1979; Sigdestadt etal. 1976; of the aminothiol radioprotectors cystamine and
Sverdlov et al. 1969). However, it should be pointed AET. To analyze the phenomenon, we needed to
out that the essential protective effect against neu-consider more than one circumstance. First, it was
tron irradiation is accomplished by increasing the necessary to provide fixed ratios of unithiol with the
radioprotector dose and by reducing its toxicity by aminothiols and thento increase the unithiol dose as
using unithiol. This protection is higher than that the radioprotector dose was increased. This would
afforded by other combinations, for example, com- show that the described effect of unithiol was not
binations of sulfur-containing protectors with each due to the effect of this dithiol on any regulator
other or with 5-methoxytryptamine (5-MOT) systems but to its interaction at this concentration
(Bogatyrev et al. 1983). with the radioprotectors at the cellular level. In

YTechnical note: Itis impossible, using a reactor, to give a pure neutron dose. Some gamma and x rays are always mixed in. Hence the
compound word, gamma-neutron.
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connection with this, we studied the influence of Table 8. Survival percentage of V79 cells after
unithiol on the toxic effects of cystamine and cys- adding cysteamine, unithiol, or their combination
teaminen vitro with V79 cells of Chinese hamster
in culture and with slices of rat hippocampal neu- _ Concentration Survival
rons! The results ofthe experiments with tyamine ~ Freparation (mM) M sD
on the V79 cells are summarized in tabfe 8.

Cysteamine 0 100

50 74 7
For the first time, in these experiments (as opposed 100 28 12
to the experiments in animals), unithiol by itself 150 16 6
demonstrated a toxic effect, although it was present Unithiol 15 100
in fairly large concentrations (25 mM and more). o5 66 7
The reason for this is a valid avenue for special in- 50 35 8
vestigation. However, one fact stands out: in spite 75 28 6
of its toxicity, unithiol did not strengthen the dam- _
aging action of cysteamine on the cells in any of the Cysteamine 100
experimental variations. U;ithiol 50 38 11
Preliminary experiments on the hippocampal slices cysteamine 100
showed that, with the addition of cystamine in con- + 26 8
centrations near 10 uM into the incubation medium, Unithiol 15
the population spike resulting from stimulation of :
the Schaffer s collaterals increased in amplitude to Y3'¢aMine 100 8 15
100-1509%¢. This reaction came immediately after ynjthiol 25
addition of the radioprotector and lasted about 20
minutes. The reaction of the hippocampal neuron Cysteamine 150
slices to unithiol, added to the incubation medium + 25 S

Unithiol 75

in the same concentration, was the same. Thus, we

found some variation in the function of the nerve Note: Differences between the effects of cysteamine alone and

cells under the effect of cystamine and unithiol a combination of cysteamine and unithiol are not statistically

taken in concentrations approaching those in an or- significant at the p = 0.05 level.

ganism at a protective dose of radioprotectors and

an antitoxic dose of unithiol (taking into accountthe combination on neurons. However, they appear

blood-brain barrier). to be interesting in themselves because they tes-
tify to the influence of the radioprotector armchi-

Unfortunately, these experiments do not fully ex- thiol on nerve cells and exhibit one type of such

plain the influence of the cystamine and unithiol influences.

1Cystamine only was used in animals and in hippocampal slices. As cystamine has no protectiirewtifecive used cysteamine in
ourin vitro experiments. We also used “cysteamine” when we referred to a mixed disulfide between cysteamine and unithiol. In this
case, cysteamine is not a separate compound but part of the molecule MDCU which consists of two parts: cysteamine and unithiol
bound by a chemical bond.

These experiments were carried out by L.l. Kotlovanova.

These experiments were carried out by G.T. Bozhko.
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Discussion

Our study showed that the toxic action of the ami- linkage may be broken in an organism and that
nothiol protectors in mice can be decreased by com-unithiol may diminish the toxic effect of the re-
bining it with unithiol. This effect is significant leased radioprotector. It is worth noting from a
enough to be of practical interest. The §gf cys- practical standpoint that the preparation has little
tamine and AET when administeredi.p. increase by toxicity with oral administration. It does not require
40 and 64%, respectively, which shows an antitoxic i.p. injection of unithiol to reduce the radioprotector
action much stronger than that of other agents toxicity, which is necessary when cystamine is ad-
(Zherebchenko et al. 1974; Jacobus 1959; Kalis- ministered orally.

tratov et al. 1972; Pugacheva et al. 1972; Suvorov

and Shashkov 1975; Sverdlov etal. 1969; Takagy et We also found that in order to achieve the antitoxic
al. 1971). Unithiol diminishes the toxicity of cysta- action of unithiol vis-a-vis the aminothiol radiopro-
mine with either i.p. or oral administration ofthe ra- tectors, a specific quantitative ratio between the two
dioprotector. When AET is administered orally, the substances must be maintained. The optimum ratio
effect of unithiol is modest, whichis possibly attrib- for doses is 0.5 molar equivalent of unithiol per ra-
utable to AET absorption from the digestive tract dioprotective thiol. These data are liable to be of
and unithiol absorption from the abdominal cavity. interestin the elaboration of the corresponding pre-
It may be that the two compounds are not supplied scription. They are equally important for under-
to nervous tissue concurrently and, consequently, standing the mechanism of the unithiol’s antitoxic
do not work together. action as regards the thiol radioprotectors.

The antitoxic action of unithiol was only observed As may be seen from our experiments, unithiol’s
with i.p. injection; oral administration had no such ability to enhance tolerance to aminothiol permits
impact. This point requires special study. However, larger doses and thus a better radioprotective effect
it is necessary to stress that the radioprotective ac-of the SH-compounds. The combination with
tion of such thiols as cysteamine and AET with oral unithiol under x-ray irradiation increased the DRF
administration is either not detected or weakly of cystamine and AET by 30% with i.p. administra-
expressed. Among the aminothiol radioprotectors, tion and by 18% with oral cystamine administra-
cystamine, which has no free SH-groups, is the only tion. The DRF of MDCU was 1.6 at i.p. injection.
one that is efficient not only with i.p. injection but  Thus, the use of unithiol substantially enhances the
with oral administration as well. It is felt that the effectiveness of protection provided by the ami-
presence of free thiol groups in the unithiol mole- nothiol radioprotectors. The survival rate is in-
cule (as in the cysteamine molecule) creates thecreased not only in animals irradiated with a
condition that degrades its effectiveness at oral ad-minimum universally lethal dose but also in ani-
ministration. The use of special medicinal form mals subjected to supralethal doses.
(tablets) for oral administration of unithiol may in-
directly support this fact (Mashkovskii 1967). A similar effect was found with fission-neutron ac-
tion. The DRF of cystamine and AET when com-
A new preparation with radioprotective proper- bined with unithiol increased in comparison with
ties—mixed disulfide of cysteamine with unithiol the DRF of each individual radioprotector: the cys-
in which aminothiol and dithiol are chemically tamine DRF increased by 10% and the AET DRF
bound—was studied in our experiments. Reduction by 16%. Along with that, the efficiency of AET-
of the aminothiol toxicity was detected in this case, based protection in mice was higher than the effec-
too. There is reason to believe that the disulfide tiveness observed by us previously in experiments

13
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using the aminothiol radioprotectors and their ratherthan an organism’s reactions, which are typi-
cross-combination or combination with indolylal- cally threshold reactions. Although our attempt to
kylamine (Bogatyrev et al. 1983). Considering that detect the antitoxic effect of unithiol in Chinese
modification of a neutron injury is a difficult  hamster V79 cells was indeed unsuccessful, this
problem toresolve, the enhanced effectiveness of does notdisprove our assumption. Itis believed that
chemical protection against fission neutron hazard unithiol only weakens those toxic effects of the
using unithiol is worthy of notice. However, the ef-  thiol radioprotector that are related to cell excitation
fect of unithiol in irradiation of animals by neu- and has no connection with the structures responsi-
trons is of desser degree than its protection against ble for cell growth.
low LET radiation.

This assumption is supported by the fact that the
Consequently, unithiol extended the radioprophy- toxic effects of the SH-radioprotectors on an organ-
lactic capabilities of traditional aminothiol radio- ism reveal themselves as a disturbance in the func-
protectors used in conditions of both low and high tion of the nervous system rather than by damage to
LET radiation, although to a lesser degree in the lat- certain cells, tissues, or organs or by dysfunction of
ter case. This effect of unithiol does not appear to be specific organs. It should be added that in our earlier
specific to mice. We have detected the effect in experiments on the same Chinese hamster V79 fi-
other biological species, for example, in rats (Gra- broblasts, although using another technique (culti-
chev et al. 1994), that indicates the feasibility of vation of cells on glass), the antitoxic action of
studying it in animals more closely related to hu- unithiol in relation to cystamine was observed. Un-
man beings, such as dogs and monkeys, and, in theder the radioprotector’s effect (£0mg/ml), the
future, in humans. cells changed their shape, became rounded, and

slipped off the glass he addition of unithiol (1:2in
The study of the antitoxic mechanism of unithiol relation to cystamine) prevented this effect (Gra-
vis-a-vis aminothiol protectors is a complex issue chev et al. 1994). It is therefore worthwhile to con-
that may be no less complicated than the problem of tinue studying isolated cells in a culture.
chemical protection itself. The results of our study
of unithiol’s influence on toxicity of radioprotec- However, the results of our tentative experiments
tors of other types (5-methoxytryptamine (indolylal- on rat hippocampal slices are of a greater interest in
kylamine) and di-ammonium salt amidothiphos- relation to the problem of unithiol’s mechanism of
phoric acid), carried out in parallel, may be useful action. The stimulating effect of cystamine as well
for analyzing the problem, as we found that unithiol as of unithiol in inducing activity in these neurons
has no effect on their toxicity. These data show that was found in these experiments. Further neuro-
the antitoxic action of unithiol is unlikely to be as- physiological and neurochemical studies are re-
sociated with a nonspecific increase of an organ- quired to identify the processes underlying the anti-
ism’s resistance to chemical agents. We are appar-toxic effect of unithiol. In addition, we should not
ently dealing here with a specific interaction of forgetthatthese results were obtainethiwitro ex-
thiol-containing compounds, SH-radioprotectors, periments. Another way of influencing toxicity of
and unithiol, at the cellular level. the aminothiol radioprotectors is possibieivoby

limiting their penetration to the brain through the
The results obtained in this study on the correlation blood-brain barrier. In general, the information on
between unithiol’s antitoxic effect and its optimum mechanisms of unithiol’s antitoxic action presented
ratio to the SH-containing radioprotectors provide in this report should be considered as tentative and
more evidence for this assumption. Such factors arefacilitating development of approaches to this
characteristic of a cell concentration relationship complex issue.
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Suggestions for Further Research

Study the effect of unithiol alone and in combi-
nation with cystamine or AET or MDCU on be-
havioral toxicity.

Study unithiol’s antitoxic effect with respect to
SH-radioprotectors in dogs and humans. If such
studies have a positive outcome, wider use of
aminothiol radioprotective compounds will be
possible in medical practice and other fields.

Study the possibilities of reducing the thiol ra-
dioprotectors’ toxic action using unithiol ad-
ministered not only i.p. but also orally (the use
of tablets, capsules, and so on). Establish an op-
timum timing of unithiol and cystamine admini-
stration per o0s.

Study the mechanism of unithiol antitoxic ac-
tion in vitro (neurophysiological and neuro-
chemical studies of neurons) amdvivo (study
the influence of unithiol on aminothiol protec-
tors’ penetration to the brain and certain neu-
ronal structures using radionuclides).

Study the possibility of using unithiol ana-
logues, other thiol compounds (including other
dithiols), and similar compounds as antitoxic
agents.

Conduct systematic studies of the new radio-
protector MDCU: its absorption, distribution,
elimination, and efficacy in protecting against
irradiation in other biological species.

15



16



References

Bacq Z (1964) Chemical Protection Against loniz- Kalistratov GV, Belavina PA, Zherebchenko PG

ing Radiation. Moscow: Atomizdat, p 264 (1972) Decrease in toxicity of cystamine with
the aid of cysteine and its combinations with
Bogatyrev AV, Timoshenko SI, Lavrova GA, Ni- benzonal. Proceedings of the 2nd All-Union
kanorova NG, Sverdlov AG (1983) On Some Conference on Pharmacology of Radioprotec-
Ways to Increase the Chemical Protection Effi- tors. Moscow: Institute of Biophysics of Minis-

cacy of Organisms Against Neutrons. Prob- try of Health USSR, pp 104-107
lems of the Natural and the Modified
Radiosensitivity. Moscow: Nauka, pp 14-21 Kumar KS, Weiss JF, McLean WA, Kendrick JM,

Landauer MR, Clark EP (1990) Radioprotec-
Brown DA, Graham WJ, McKenzie LJ, Pittock JW, tion by combinations of WR-3689 and caf-

Shaw LM (1988) Can WR-2721 be improved feine. Abstracts of Papers for the 38th Annual
upon? Pharmacology and Therapeutics Meeting of the Radiation Research Society,

39:157-168 New Orleans, Louisiana, 1990, p 193
Doherty DG, Shapira R, Burnett WT (1957) Syn- Landauer MR, Davis HD, Faccioli ME, Kumar KS,
thesis of aminoalkylisothiuronium salts and Weiss JF (1990) Behavioral effects of WR-
their conversion to mercaptoalkylguanidines 3689 and caffeine in irradiated and nonirradi-
and thiazolines. Journal of the American ated mice. Abstracts of Papers for the 38th An-
Chemical Society 79:5667-5671 nual Meeting of the Radiation Research

Society, New Orleans, Louisiana, 1990, p 193
Floersheim GL, Floersheim P (1968) Protection

against ionizing radiation and synergism with Lorente de No R (1934) Studies on the structure of
thiols by zinc aspartate. British Journal of Radi- the cerebral cortex. Il. Continuation of the
ology 59(702):597-602 study of ammonic system. Journal of Psychol-
ogy and Neurology 46:113-177

Grachev SA, Sverdlov AG, Nikanorova NG, Bol-
shakova Ol, Koroleva IK (1994) Decrease in Maisin JR, Mattelin G (1967) Radioprotecteurs et
toxic effect of aminothiol radioprotectors and radiotherapie des cancers. Bulletin on Cancer
increase in chemical protection action against 54(2):149-158
ionizing radiation with the aid of unithiol.

Radiobiologia 34(3):424-429 Mashkovskii MD (1967) Lekarstvennye Sredstva
(Medicinals). Vol 1. Moscow: Medizina, pp
Habeeb AFSA (1973) A sensitive method for local- 667-669

ization of disulfide-containing peptides in col-
umn effluents. Analytical Biochemistry Monig H (1990) Chemical Radioprotection in
56:60-65 Mammals and in Man. Radiation Exposure and

Occupational Risks. Berlin: Springer-Verlag,
Jacobus DP (1959) Preprotection of the dog against  pp 98-143

ionizing radiation. Federation Proceedings
18(1):74 Mozzhukhin AS, Rachinskii FU (1979) Chemical

Prophylaxis of Radiation Injury. Moscow: Ato-
mizdat, p 188

17



Contract Report CR97-1

Mundy RL, Heffer H (1960) The pharmacology of against neutron injury. Radiobiologia 9(5):
radioprotection chemicals. Pharmacology of 706-710
beta-mercaptoethylamine. Radiation Research

13(3):381-394 Takagy J, Shimizu S, Shikita M, Akaboshi S (1971)
Radiation protection of mice by mixtures of
Peimer SI, Dudkin AO, Sverdlov AG (1986) Re- mercaptoethylguanidine (MEG) and cys-
sponse of hippocampal pacemaker-like neu- teamine (MEA). Chemistry and Pharmacology
rons to low doses of ionizing radiation. Interna- Bulletin 19(1):2000-2002
tional Journal of Radiation Biology 49(4):597-
600 Teyler JJ (1980) Brain slice preparation: Hippo-

campus. Brain Research Bulletin 5:391-403
Pugacheva TN, Ovakimov VG, Yarmonenko SP, et
al. (1972) The quantitative estimation of effi- Thompson J (1964) Protection of Mammals
cacy of mexamine, AET, and cystaphos using Against lonizing Radiation. Moscow: Ato-
them in their own right and in combination in mizdat, p 179
mice irradiated in the broad scale of doses. Pro-
ceedings of the 2nd All-Union Conference on Vladimirov VG, Krasilnikov I, Arapov OV (1989)
Pharmacology of Radioprotectors. Moscow: Radioprotectors: Structure and Function. Kiev:
Institute of Biophysics of Ministry of Health, Naukova Dumka, p 264
USSR, pp 90-92
Weiss JF, Hoover RL, Kumar KS (1987) Selenium

Sigdestadt CP, Connor AM, Scott RM (1976) Ef- pretreatment enhances radioprotective effect
fect of chemical protectors on the response of and reduces the lethal toxicity of WR-2721.
the intestine to roentgen or fission neutron irra- Free Radical Research Communications 3:33-

diation. Acta Radiologica: Therapy, Physics, 38
Biology 15(5):401-409
Weiss JF, Kumar KS, Walden TL, Neta R, Lan-
Stern P, Radovic N, Buljabasic R (1965) Pharma- dauer MR, Clark EP (1990) Advances in radio-
cology of experimental tremor. Nature protection through the use of combinations.
206(4989):1261 International Journal of Radiation Biology
57(4):709-722
Strelnikov JV, Zherebchenko PG, Tank LI (1969)
Influence of some pharmacological com- Weiss JF, Landauer MR, Hogan JB, Benson KA,
pounds on toxicity and radioprotective action Jarboe KD, Neta R, Hanson WR (1993) Modi-
of the sulfur-containing protectors. Radiobio- fication of survival of irradiated mice by
logia 9(4):553-566 indomethacin and caffeine in combination with
radioprotectors. Abstracts of 25th Annual
Suvorov NN, Shashkov VS (1975) Chemistry and Meeting of the European Society for Radiation
Pharmacology of the Remedies of Prophylaxis Biology, Stockholm, L12:04
of Radiation Injury. Moscow: Atomizdat, p 224
Zherebchenko PG, Belavina PA, Besedina LN,

Sverdlov AG (1971) Biological Action of Neutrons Kalistratov GV (1974) Analysis of influence of
and Chemical Protection. Leningrad: Nauka, cysteine and its combination with benzonal to
Leningrad Branch, p 223 toxicity and radioprotective properties of the

sulfur-containing radioprotectors. Radiobiolo-

Sverdlov AG, Mozzhukhin AS, Pavlova LM, Ni- gia 14(6):855-858

kanorova NG (1969) Chemical protection

18



DISTRIBUTION LIST

DEPARTMENT OF DEFENSE

ARMED FORCES RADIOBIOLOGY RESEARCH INSTITUTE
ATTN: PUBLICATIONS BRANCH
ATTN: LIBRARY

ARMY/AIR FORCE JOINT MEDICAL LIBRARY
ATTN: DASG-AAFIML

ASSISTANT TO THE SECRETARY OF DEFENSE
ATTN:  AE
ATTN:  HA(IA)

DEFENSE SPECIAL WEAPONS AGENCY
ATTN: TITL
ATTN: DDIR
ATTN: RAEM
ATTN: MID

DEFENSE TECHNICAL INFORMATION CENTER
ATTN: ACQUISITION
ATTN: ADMINISTRATOR

FIELD COMMAND DEFENSE SPECIAL WEAPONS AGENCY
ATTN: DASIAC
ATTN: FCIEO

INTERSERVICE NUCLEAR WEAPONS SCHOOL
ATTN: DIRECTOR

LAWRENCE LIVERMORE NATIONAL LABORATORY
ATTN: LIBRARY

UNDER SECRETARY OF DEFENSE (ACQUISITION)
ATTN:  OUSD(A)/R&E

UNIFORMED SERVICES UNIVERSITY OF THE HEALTH SCIENCES
ATTN: LIBRARY

DEPARTMENT OF THE ARMY

HARRY DIAMOND LABORATORIES
ATTN: SLCSM-SE

OFFICE OF THE SURGEON GENERAL
ATTN: MEDDH-N

U.S. ARMY AEROMEDICAL RESEARCH LABORATORY
ATTN: SCIENCE SUPPORT CENTER

U.S. ARMY CHEMICAL RESEARCH, DEVELOPMENT, &
ENGINEERING CENTER
ATTN: SMCCR-RST

U.S. ARMY INSTITUTE OF SURGICAL RESEARCH
ATTN: COMMANDER

U.S. ARMY MEDICAL DEPARTMENT CENTER AND SCHOOL
ATTN: MCCS-FCM

U.S. ARMY MEDICAL RESEARCH AND MATERIEL COMMAND
ATTN: COMMANDER

U.S. ARMY MEDICAL RESEARCH INSTITUTE OF CHEMICAL
DEFENSE
ATTN: MCMR-UV-R

U.S. ARMY NUCLEAR AND CHEMICAL AGENCY
ATTN: MONA-NU

U.S. ARMY RESEARCH INSTITUTE OF ENVIRONMENTAL
MEDICINE
ATTN: DIRECTOR OF RESEARCH

U.S. ARMY RESEARCH LABORATORY
ATTN: DIRECTOR

WALTER REED ARMY INSTITUTE OF RESEARCH
ATTN: DIVISION OF EXPERIMENTAL THERAPEUTICS

DEPARTMENT OF THE NAVY

BUREAU OF MEDICINE & SURGERY
ATTN: CHIEF

NAVAL AEROSPACE MEDICAL RESEARCH LABORATORY
ATTN: COMMANDING OFFICER

NAVAL MEDICAL RESEARCH AND DEVELOPMENT COMMAND
ATTN: CODE 42

NAVAL MEDICAL RESEARCH INSTITUTE
ATTN: LIBRARY

NAVAL RESEARCH LABORATORY
ATTN: LIBRARY

OFFICE OF NAVAL RESEARCH
ATTN: BIOLOGICAL & BIOMEDICAL S&T

DEPARTMENT OF THE AIR FORCE

BROOKS AIR FORCE BASE
ATTN: AL/OEBZ
ATTN: OEHL/RZ
ATTN: USAFSAM/RZB

OFFICE OF AEROSPACE STUDIES
ATTN: OAS/XRS

OFFICE OF THE SURGEON GENERAL
ATTN: HQ AFMOA/SGPT
ATTN: HQ USAF/SGES

U.S. AIR FORCE ACADEMY
ATTN: HQ USAFA/DFBL

U.S. AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
ATTN: DIRECTOR OF CHEMISTRY & LIFE SCIENCES
OTHER FEDERAL GOVERNMENT

ARGONNE NATIONAL LABORATORY
ATTN: ACQUISITIONS

BROOKHAVEN NATIONAL LABORATORY
ATTN: RESEARCH LIBRARY, REPORTS SECTION

CENTER FOR DEVICES AND RADIOLOGICAL HEALTH
ATTN: DIRECTOR

GOVERNMENT PRINTING OFFICE
ATTN: DEPOSITORY ADMINISTRATION BRANCH
ATTN: CONSIGNED BRANCH

LIBRARY OF CONGRESS
ATTN: UNIT X



LOS ALAMOS NATIONAL LABORATORY
ATTN: REPORT LIBRARY

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
ATTN: RADLAB

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
GODDARD SPACE FLIGHT CENTER
ATTN: LIBRARY

NATIONAL CANCER INSTITUTE
ATTN: RADIATION RESEARCH PROGRAM

NATIONAL DEFENSE UNIVERSITY
ATTN: LIBRARY TECHNICAL SERVICES

U.S. DEPARTMENT OF ENERGY
ATTN: LIBRARY

U.S. EMBASSY, MOSCOW
ATTN: DEPARTMENT OF ENVIRONMENT, HEALTH,
OCEANS, AND FISHERIES

U.S. FOOD AND DRUG ADMINISTRATION
ATTN: WINCHESTER ENGINEERING AND
ANALYTICAL CENTER
U.S. NUCLEAR REGULATORY COMMISSION
ATTN: LIBRARY
RESEARCH AND OTHER ORGANIZATIONS

AUSTRALIAN DEFENCE FORCE
ATTN: SURGEON GENERAL

AUTRE, INC.
ATTN: PRESIDENT

BRITISH LIBRARY
ATTN: ACQUISITIONS UNIT

CENTRE DE RECHERCHES DU SERVICE DE SANTE DES ARMEES
ATTN: DIRECTOR

FEDERAL ARMED FORCES DEFENSE SCIENCE AGENCY FOR NBC
PROTECTION
ATTN: LIBRARY

FOA NBC DEFENCE
ATTN: LIBRARY

GEORGE MASON UNIVERSITY
ATTN: LABORATORY OF MOLECULAR GENETICS

INHALATION TOXICOLOGY RESEARCH INSTITUTE
ATTN: LIBRARY

INSTITUTE OF NUCLEAR MEDICINE AND ALLIED SCIENCES
ATTN: DIRECTOR

INSTITUTE OF RADIOBIOLOGY, ARMED FORCES
MEDICAL ACADEMY
ATTN: DIRECTOR

OAK RIDGE ASSOCIATED UNIVERSITIES
ATTN: MEDICAL LIBRARY

PETERSBURG NUCLEAR PHYSICS INSTITUTE
ATTN: HEAD, LABORATORY OF ORGANIC
SYNTHESIS

RESEARCH CENTER OF SPACECRAFT RADIATION SAFETY
ATTN: DIRECTOR

RUTGERS UNIVERSITY
ATTN: LIBRARY OF SCIENCE AND MEDICINE

UNIVERSITY OF CALIFORNIA
ATTN: DIRECTOR, INSTITUTE OF TOXICOLOGY &
ENVIRONMENTAL HEALTH
ATTN: LIBRARY, LAWRENCE BERKELEY LABORATORY

UNIVERSITY OF CINCINNATI
ATTN: UNIVERSITY HOSPITAL, RADIOISOTOPE
LABORATORY

XAVIER UNIVERSITY OF LOUISIANA
ATTN: COLLEGE OF PHARMACY



Form Approved
OMB No. 0704-0188

REPORT DOCUMENTATION PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing the burden, to Washington Headquarters Services. Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA
22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
blank
ank) December 1997

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Chemical Protection Against X-Ray, Gamma, and Neutron Radiation

6. AUTHOR(S)
S. A. Grachev and A. G. Sverdlov

8. PERFORMING ORGANIZATION
REPORT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Armed Forces Radiobiology Research Institute

8901 Wisconsin Avenue

Bethesda, MD 20889-5603 CR97-1

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)
Experiments in mice showed that intraperitoneal (i.p.) injection of unithiol (sodium salt of
2,3-dimercapto-1-propanesulfonic acid) diminished toxicity of several aminothiol radioprotectors, increasing the
LDs, of cystamine by 40% and aminoethanisothiuronium bromide hydrobromide (AET) by 64%. The optimum ratio
for the doses is 0.5 molar equivalent of unithiol per radioprotective thiol. A new radioprotector (mixed disulfide of
cysteamine and unithiol—MDCU) has a weak toxicity: the LDsj is 750 mg/kg i.p. The use of unithiol makes it
possible to increase the dose of the SH-radioprotectors, enhancing the dose reduction factor (DRF) of cystamine
and AET by 30% for x-ray irradiation. A somewhat lesser effect is observed with fission neutron irradiation. The DRF
of MDCU is equal to 1.6 for x-ray irradiation and is 1.1 for neutron irradiation. The mechanism of antitoxic action of
unithiol could not be detected in Chinese hamster fibroblasts. It may be caused by the competition of unithiol and the
SH-radioprotectors for certain, as yet undetermined, biochemical structures in brain neurons. It is also possible that
unithiol may decrease penetration of SH-radioprotectors into the brain.

15. NUMBER OF PAGES
32

14. SUBJECT TERMS

16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT

UNCLASSIFIED

18. SECURITY CLASSIFICATION
OF THIS PAGE

UNCLASSIFIED

19. SECURITY CLASSIFICATION
OF ABSTRACT

UNCLASSIFIED

20. LIMITATION OF
ABSTRACT

UL

NSN 7540-01-280-5500

Standard Form 298 (Rev.2-89)
Prescribed By ANSI Sta 239-18



SECURITY CLASSIFICATION OF THIS PAGE

CLASSIFIED BY:

DECLASSIFY ON:




This publication is a product of the AFRRI Information Services Division.
Editor: Jane Myers, Janus Associates. Desktop publisher: Carolyn Wooden.



	Contents
	Abstract	  1
	Introduction	  3
	Materials and Methods	  5
	Radioprotectors	  5
	Subjects	  6
	Irradiation	  6

	Results	  7
	Effect of Unithiol on Toxicity of Radioprotectors	  7
	Effect of Unithiol on the Effectiveness of 
Chemical Protection in Mice Against X Rays	  8
	Protection Against Neutron Irradiation	10
	Mechanism of Action of Unithiol	11

	Discussion	13
	Suggestions for Further Research	15
	References	17


